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Kelp Morphology and Herbivory Are Maintained Across
Latitude Despite Geographic Shift in Kelp-Wounding Herbivores
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Abstract. Herbivores can drastically alter the morphology
of macroalgae by directly consuming tissue and by inﬂicting
structural wounds. Wounds can result in large amounts of tissue breaking away from macroalgae, amplifying the damage initially caused by herbivores. Herbivores that commonly
wound macroalgae often occur over only a portion of a macroalga’s lifespan or geographic range. However, we know little
about the inﬂuence of these periodic or regional occurrences of
herbivores on the large-scale seasonal and geographical patterns of macroalgal morphology. We used the intertidal kelp
Egregia menziesii to investigate how the kelp’s morphology
and the prevalence of two prominent kelp-wounding herbivores (limpets and amphipods) changed over two seasons
(spring and summer) and over the northern extent of the kelp’s
geographic range (six sites from central California to northern
Washington). Wounds from limpets and amphipods often result in the kelp’s fronds being pruned (intercalary meristem
broken away), so we quantiﬁed kelp size (combined length
of all fronds) and pruning (proportion of broken fronds). We
found similar results in each season: herbivores were most

likely to occur on large, pruned kelp regardless of site; and
limpets were the dominant herbivore at southern sites, while
amphipods were dominant at northern sites. Despite the geographic shift in the dominant herbivore, kelp had similar levels of total herbivore prevalence (limpets and/or amphipods)
and similar morphologies across sites. Our results suggest that
large-scale geographic similarities in macroalgal wounding, despite regional variation in the herbivore community, can maintain similar macroalgal morphologies over large geographic areas.

Introduction
Macroalgae are ecologically important in many marine systems because they provide food and habitat to a diversity of
other organisms, and their morphology can inﬂuence the magnitude of ecosystem services they provide (Steneck et al., 2002;
Graham, 2004; Graham et al., 2007; Pérez-Matus et al., 2007;
Christie et al., 2009). Macroalgae with large and complex
morphologies support more numerous and more diverse organisms than do macroalgae with small and simple morphologies (Carr, 1994; Gee and Warwick, 1994; Norderhaug et al.,
2007; Christie et al., 2009). At the same time, large macroalgae
are also capable of restructuring the surrounding biological
community by shading potential algal competitors and, if they
are in a wave-swept habitat, by scouring the substratum with
their thalli during each passing wave and dislodging nearby
benthic organisms (Santelices and Ojeda, 1984; Kennelly, 1989;
Hughes, 2010).
Morphology can also affect the growth and survival of macroalgae. For instance, size is often positively correlated with a
macroalga’s growth rates and its resistance to desiccation when
exposed to air (Black, 1974; Wheeler and Druehl, 1986; Bell,
1995; Burnett and Koehl, 2020); but size is also positively
correlated with risk of dislodgement (i.e., death) by hydrodynamic forces when the macroalgae are exposed to moving
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water, such as waves or currents (de Bettignies et al., 2013;
but see Koehl, 1986, 1999). Because morphology inﬂuences
the role of macroalgae in marine ecosystems, it is important
to understand how both biotic (e.g., herbivory) and abiotic (e.g.,
water motion) factors affect macroalgal shape and how these
factors might change over time for an individual macroalga
or change over space for an entire species.
Herbivory
Some epibiotic herbivores of macroalgae consume or burrow into a macroalga’s tissues, thereby shaping the macroalga’s morphology. Direct consumption of macroalgae can
remove tissues that are important for photosynthesis or reproduction, resulting in reduced physiological and/or reproductive ﬁtnesses for the macroalgae (Chenelot and Konar,
2007; Molis et al., 2010; Poore et al., 2014; O’Brien and
Scheibling, 2016). However, herbivores that consume tissues
from the support structures of macroalgae, such as the central
axis of a frond (“rachis”) or the stipe, can severely weaken
those structures, facilitating their breakage when exposed
to hydrodynamic forces (Black, 1976; Burnett and Koehl,
2018, 2020; Gutow et al., 2020). As a result, macroalgae can
lose substantial amounts of their thalli as a result of breakage
rather than direct consumption by herbivores, which can lead
to reduced growth rates and survivorship (Johnson and Mann,
1986; Padilla, 1993; Burnett and Koehl, 2020). The magnitude
at which an herbivore weakens the support structures of a
macroalga depends, in part, on the size and shape of the herbivore wounds: sharp, angular, or large wounds can cause tissues
to break more easily than do dull, rounded, or small wounds
(Denny et al., 1989; Mach et al., 2007; Vincent, 2012). The
size and shape of wounds can depend on the herbivore species,
so macroalgal tissues may be weakened by some herbivores
more than others (Black, 1976; Koehl and Wainwright, 1977;
Lowell et al., 1991; Burnett and Koehl, 2018). Furthermore,
the herbivores living on and wounding macroalgae can also
change seasonally and vary across the geographic distribution of macroalgae (Gunnill, 1984; Kuo and Sanford, 2015;
Zahn et al., 2016). Therefore, whereas there is a good understanding of the general principles of herbivores sculpting macroalgal morphology through wounding, little is known about
how these herbivore-macroalgae interactions change seasonally and geographically.
Environmental variables
The physical environment can inﬂuence both macroalgal
morphology and the herbivores living and feeding on the
macroalgae. Water motion caused by currents and waves exerts hydrodynamic forces on macroalgae, and these forces can
either break parts of the thalli from macroalgae or cause entire
individuals to be dislodged from the substratum. Macroalgae
tend to have reduced sizes in habitats with rapid water motion
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due to physical damage (i.e., breakage of thalli), growth responses that limit the sizes of macroalgae and minimize their
risks of dislodgement from the substratum or that limit survival once the macroalgae reach a certain size and are dislodged from the substratum (Johnson and Koehl, 1994; Blanchette, 1996, 1997; Duggins et al., 2003; Wolcott, 2007; de
Bettignies et al., 2012; Sirison and Burnett, 2020). Herbivores
on macroalgae may show increased grazing activity as water
motion increases; but once water motion becomes excessively
rapid, they can be dislodged from the macroalgae (Duggins
et al., 2001; Pardo and Johnson, 2006; Wright and Nybakken,
2007). Thus, macroalgae may be protected from herbivory by
rapid water motion, although the macroalgae themselves face
increased risks of damage and dislodgement from hydrodynamic forces as they grow in size.
Water temperature has a strong effect on macroalgal growth
and morphology. Macroalgae tend to grow largest in geographic
regions with strong upwelling of cold, nutrient-rich water, such
as the west coasts of North and South America. Macroalgae
can grow faster and larger in cold temperatures than in warm
temperatures (Bearham et al., 2013; Simonson et al., 2015;
Filbee-Dexter et al., 2016). When water temperatures are excessively warm, macroalgae can exhibit reduced growth rates
and tissue strength, leading to degradation and rapid decreases
in size (Rothäusler et al., 2009; Simonson et al., 2015; O’Brien
and Scheibling, 2018). In addition, grazing by herbivores can
increase with warming temperatures (Lotze and Worm, 2002;
Carr et al., 2018; Endo et al., 2020). Herbivores can have an
especially large and detrimental effect on macroalgae at temperatures where macroalgal growth rates are reduced and the
macroalgae cannot grow new tissue rapidly enough to compensate for tissue consumption by herbivores (Rothäusler et al.,
2009).
Tidal height can also inﬂuence macroalgal morphology,
where the duration of exposure to air increases with tidal height.
When unaffected by wounding from herbivores, macroalgae
tend to grow faster and larger and cover more of the substratum at low tidal heights (i.e., where they are mostly immersed
in water) than at high tidal heights (Underwood and Jernakoff,
1984). Similarly, herbivores living on and around macroalgae
are more abundant and diverse at low tidal heights than at
high tidal heights, likely because of the increased risk of thermal stress and desiccation at high tidal heights as well as the
reduced abundance and size of host macroalgae (Underwood,
1984; Underwood and Jernakoff, 1984; Schreider et al., 2003;
Cacabelos et al., 2010; Bueno et al., 2017). The grazing activity of herbivores can also be tuned to the tides, which can minimize thermal stress and desiccation when exposed to air and
minimize dislodgement and predation risk when immersed
in water (Martin-Smith, 1993; Duggins et al., 2001; Haggerty
et al., 2018). For example, some species tend to feed mostly
while immersed at high tide (HT) or exposed to wave splash
as the tide rises and falls, whereas others graze primarily while
exposed to air during low tide (LT) (Little and Stirling, 1985;
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Williams et al., 1999; Pardo and Johnson, 2004; Gray and Williams, 2010; Burnett et al., 2014; Taylor et al., 2017). Because
growing conditions are favorable at low tidal heights, macroalgae can often compensate for the elevated levels of tissue removal caused by abundant herbivores.
Environmental variables, such as water motion, temperature, and tidal heights, that affect macroalgae and their herbivores can vary spatially at ﬁne scales within a site or at large
scales across a continent; and they can vary temporally at short
timescales over the course of a single wave or at long timescales over an entire season (Helmuth et al., 2002, 2006; O’Donnell and Denny, 2008). Because most investigations into the
inﬂuence of physical factors on macroalgal morphology and
herbivory have occurred over small spatial scales (e.g., comparing microhabitats within a site, comparing nearby waveexposed and wave-protected sites) and short timescales (e.g.,
several tidal cycles), we still know little about the inﬂuence
of physical factors on macroalgae-herbivore interactions across
large geographic and seasonal scales. Low positions on the
shore and local ﬂow regimes with reduced hydrodynamic forces
tend to maximize the growth of macroalgae, yet the same conditions favor increased herbivory. Therefore, it is important to
understand how these competing factors play out over large
spatial scales, where both the environmental variables (e.g.,
waves, temperatures, tidal heights) and biological contributors
(e.g., herbivores) change.

months) as a result of frequent colonization by herbivorous
invertebrates that wound the fronds and facilitate their breakage by hydrodynamic forces (Fig. 1A; Black, 1976; Burnett
and Koehl, 2018, 2019, 2020). The kelp can grow throughout
the year, although the most rapid growth rates occur in the
spring and summer (Black, 1974; Burnett and Koehl, 2019,
2020). The destructive feeding of herbivores can indirectly
shape the morphology of E. menziesii because the kelp responds to frond breakage by producing new fronds, although
excessive amounts of frond breakage can reduce the longevity
of kelp and make the kelp less likely to survive large waves of
winter storms (Black, 1974, 1976; Burnett and Koehl, 2020).
Some of the most common herbivores of intertidal E. menziesii are limpets, such as Discurria insessa (Black, 1976; Lindberg, 1988; Fig. 1B), which lives and feeds only on E. menziesii,
and several genera of amphipods with gammarid body plans
(Chapman, 2007; Burnett and Koehl, 2018; Fig. 1C). Other

Research system
Here we use the kelp Egregia menziesii (Turner) Areschoug, 1876, commonly called the feather boa kelp, to investigate how macroalgal morphology and the herbivores that
may shape macroalgal morphology change seasonally and
geographically, including changes in water motion (e.g., wave
exposure), water temperature, and tidal regimes. Egregia menziesii is a dominant kelp in the low intertidal and subtidal
zones of rocky shores along the west coast of North America,
ranging from Baja California, México, to southeastern Alaska
(Abbott and Hollenberg, 1976). Like other kelp (order Laminariales), E. menziesii exhibits a heteromorphic alternation
of generations, alternating between a microscopic haploid gametophyte stage and a macroscopic diploid sporophyte stage.
Egregia menziesii sporophytes are perennial, capable of reproduction all year, with peak reproduction occurring from April
to November in populations north of Point Conception, California (Abbott and Hollenberg, 1976; Gordon and DeWreede,
1978). Each individual sporophyte is composed of a conical
holdfast that produces numerous fronds. Fronds can be branched
or unbranched and consist of a central strap-like axis called a
rachis that bears numerous blades (about 2–8 cm long), pneumatocysts, and sporophylls (Abbott and Hollenberg, 1976).
Fronds can grow to as long as 15 m, resembling a feather
boa. The entire individual can survive multiple years, whereas
fronds will grow and break on shorter timescales (e.g., weeks,

Figure 1. Morphology and herbivores of Egregia menziesii. (A) The
thallus of a single E. menziesii is comprised of numerous strap-like fronds,
and those fronds can be wounded by limpets (B), such as Discurria insessa,
which create large homescars in the fronds, and several genera of gammarid
amphipods (C), which create large burrows and holes in the fronds (indicated by arrows). Scale bars 5 ∼10 cm (A) and 1 cm (B, C).
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herbivores, such as the kelp crab Pugettia producta, can consume the tissues of E. menziesii, but their grazing tends to target the blade tissues on the edges of the kelp’s fronds rather
than the load-bearing tissue of the frond (Bracken and Stachowicz, 2007). Limpets and amphipods each inﬂict severe
structural damage on the fronds of E. menziesii, thereby causing the fronds to break easily under the hydrodynamic forces
of waves and currents (Black, 1976; Burnett and Koehl, 2018,
2019). The limpet D. insessa and its close relatives become
common on E. menziesii during the spring and summer, following a single spawning event in the winter or spring; and
they are most frequently encountered in the southern part of
the kelp’s range (Daly, 1975; Kay and Emlet, 2002; Kuo and
Sanford, 2015). Amphipods that graze E. menziesii also become abundant in the spring and summer, with some speciesspeciﬁc variation in the timing and magnitude of population
cycles; separate studies have reported prominent wounding
from amphipods in the central and northern part of the kelp’s
range (Gunnill, 1984; Sotka, 2007; Burnett and Koehl, 2018,
2020). We use intertidal E. menziesii in the present study because its morphology can be shaped by herbivory, yet the seasonality and geographic distributions of its two most common
and destructive herbivores do not match the seasonality and
geographic distribution of the kelp (Black, 1976; Sousa, 1981;
Kuo and Sanford, 2015; Burnett and Koehl, 2018). The kelp’s
morphology may differ between populations, based on the grazing of destructive herbivores, whose presence may be inﬂuenced by environmental variables, such as water motion, temperature, and tidal height.
The objectives of our study were to test (a) whether kelp
morphology and the types of herbivores wounding the kelp
changed across the kelp’s geographic distribution, (b) whether
the prevalence of herbivory in a kelp population was correlated with the kelp’s morphology, and (c) whether environmental variables of water motion, temperature, and tidal height
explained kelp morphology and herbivore prevalence. Additionally, we surveyed the kelp in two seasons to test whether
the geographic patterns in kelp morphology and herbivory were
similar over time.
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Figure 2. Field sites used for surveys of Egregia menziesii morphology
and herbivory. Sites are indicated by the open circles.

Materials and Methods
Field surveys
We surveyed ﬁve sites over the northern distribution of
Egregia menziesii (Turner) Areschoug, 1876 (from central
California to Washington) in spring and summer 2016, with
an additional site added in the summer (Fig. 2). Survey sites,
dates, and sample sizes are listed in Table 1. At each site, we
haphazardly placed a 20-m transect parallel to the shoreline
within the E. menziesii zone. Along the transect, we selected
every third kelp that was a mature sporophyte (sensu Henkel
and Murray, 2007) and measured two morphological features: (1) size—the combined length of all fronds on a kelp,
measured to the nearest 1 cm; and (2) pruning—the fraction

of fronds that were missing their intercalary meristem (i.e.,
the region of the rachis where the fastest growth occurs).
Only fronds that were longer than 10 cm were included in
these measurements because fronds <10 cm made up a negligible portion of a kelp’s total size and could not always be
reliably counted. By this measurement, kelp can be large by
having numerous short fronds or a few long fronds (Burnett
and Koehl, 2020). We also recorded whether the kelp showed
signs of herbivory from limpets and amphipods, including
the presence of the organisms on the kelp or their distinctive
wounds (i.e., homescars on the rachis caused by limpets or
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Table 1
Survey dates and sample sizes of Egregia menziesii for each site
Site
Avila Beach, CA
Bodega Head, CA
Trinidad, CA
Fogarty Creek, OR
Rialto Beach, WA
Port Angeles, WA

Coordinates

Spring

Sample size

Summer

Sample size

357100 4000 N, 1207440 2800 W
387180 5900 N, 123740 1200 W
41730 2500 N, 124780 4200 W
447500 2900 N, 124730 900 W
477560 3600 N, 1247390 1400 W
487090 5800 N, 1237420 2500 W

5/12/2016
4/24/2016
4/15/2016
5/6/2016
—
5/7/2016

41
35
30
52
—
25

8/6/2016
8/19/2016
8/5/2016
8/2/2016
8/4/2016
8/3/2016

27
32
28
44
25
30

burrows in the rachis caused by amphipods). Although herbivores were not identiﬁed to species, possible limpet species
on E. menziesii included Discurria insessa (an obligate herbivore of E. menziesii) and Lottia pelta, which can resemble
each other; amphipods that have gammarid body plans and
are found on E. menziesii included species from the genera
Amphilochus, Amphithoe, Aoroides, Carinonajna, Elasmopus,
Gnathopleustes, Hyale, Ischyrocerus, Jassa, Leucothoe, Macronassa, Parallorchestes, Paraphoxus, Peramphithoe, Photis, Ponteogeneia, Stenothoe, and Stenothoides (Barnard, 1969;
Lindberg, 1981, 2007; Chapman, 2007). We measured as many
kelp as possible within a single LT, using multiple transects
when necessary (sample sizes per site ranged from 25 to 52 kelp;
Table 1). Differences in sample sizes between sites and seasons were due to variation in tidal heights, with lower tidal
heights allowing more time to sample kelp. During the summer surveys, we made no efforts to resample or avoid kelp
from the spring surveys.
Kelp morphology
We compared kelp morphology between sites using oneway ANOVAs. Separate analyses were performed for each
season (i.e., due to the additional site sampled in summer).
For post hoc comparisons, we used Tukey honest signiﬁcant
difference (HSD) tests (P < 0.05 for signiﬁcance). Kelp size
and pruning were log10 transformed and square root transformed, respectively, for normality. For each ANOVA, assumptions of normality were met under Shapiro-Wilk’s test,
and assumptions of homogeneity of variances were met under
Levene’s test.
Herbivorous epifauna
We compared the presence of each herbivore type (amphipods, limpets, and their combination) between sites, using a
logistic regression model with terms for kelp size, kelp pruning, and site (Peng et al., 2002). Separate models were run
for each season (because of the additional site sampled in summer) and each herbivore type. We ran Tukey HSD tests for
post hoc comparisons of model terms, using the glht function
in the multcomp package (Hothorn et al., 2008) in R statistical software (R Core Team, 2019) (P < 0.05 for signiﬁcance).

Kelp size was log10 transformed for normality, and kelp pruning was square root transformed for normality.
We quantiﬁed the prevalence of an herbivore as the percent of each kelp population that showed signs of herbivory
(i.e., the animals themselves or the distinctive wounds they
create). Here we consider amphipod prevalence, limpet prevalence, and total herbivore prevalence (i.e., percent of each
kelp with signs of herbivory from amphipods and/or limpets). We tested whether the difference between amphipod
prevalence and limpet prevalence was correlated with the latitudes of sites (linear regression, P < 0.05 for signiﬁcance).
Separate regression models were run for each season.
Environmental variables
We characterized the local environment by using hourly
measurements of wave action (signiﬁcant wave height [Hs])
and water temperature (Tw) at each site from offshore buoys
near each kelp population (http://www.ndbc.noaa.gov; Table A1), where Hs is the average of the one-third largest waves
in a given time period (i.e., one hour in our study). In cases
where Hs and Tw were measured more than once per hour,
we averaged the values within each hour to give a single hourly
measurement. We then separately averaged Hs and Tw measurements from a 30-day window prior to each ﬁeld survey
to describe the local conditions leading up to the time of our
ﬁeld surveys. Offshore measurements of Hs and Tw are not
identical to onshore, organismal-scale measurements, but they
are closely related: offshore wave heights are positively correlated with onshore water velocities and hydrodynamic forces,
and offshore temperatures are positively correlated with onshore
temperatures (e.g., Denny, 1988; Gaylord, 1999; Helmuth and
Denny, 2003; Pﬁster et al., 2007; Focht and Shima, 2020). The
correspondence between off- and onshore averages also makes
offshore measurements useful for studying onshore processes,
such as comparing sites across large distances and times; and
these measurements have been used in other studies on macroalgal morphology (e.g., Blanchette, 1997; Kitzes and Denny,
2005; Henkel et al., 2007; Coppin et al., 2020). Averaging
offshore values over an entire month can provide relevant
information about the general onshore conditions during that
month—conditions that might not be well described by direct
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single-point measurements because of the spatial and temporal heterogeneity of water motion and temperature in onshore
habitats (Gaylord, 1999; Harley and Helmuth, 2003; Seabra
et al., 2011). Thus, while offshore measurements might not
represent an individual’s particular experience, they can help
characterize the average environment.
We also quantiﬁed the tidal regime at each site by using the
predicted height of each HT and LT relative to mean low low
water (MLLW), as well as the amplitude of each tide (HT minus
LT) (http://tidesandcurrents.noaa.gov; Table A2). Tidal predictions were quantiﬁed for the 30 days prior to each ﬁeld survey.
We used multiple linear regression models to test whether
the mean wave action (log10 transformed for normality), mean
water temperature (cubic root transformed for normality), and
mean tidal regime at each site and season were linearly correlated with the mean kelp morphology and herbivore prevalence
at each site and season (P < 0.05 for signiﬁcance).
Results
Kelp morphology
Kelp size differed between populations in spring (F4, 178 5
6.51, P < 0.005, one-way ANOVA), with larger kelp at Port
Angeles than at Avila Beach, Trinidad, and Fogarty Creek
(P < 0.005, Tukey HSD test; Fig. 3A). In summer, kelp size
also differed between populations (F5, 180 5 3.33, P 5
0.007, one-way ANOVA), with smaller kelp at Fogarty Creek
than at Trinidad and Port Angeles (P < 0.05, Tukey HSD test;
Fig. 3B).
Kelp pruning (i.e., the proportion of fronds that are broken
on a kelp) differed between populations in spring (F4, 178 5
3.54, P 5 0.008, one-way ANOVA), with more pruning at
Fogarty Creek than at Avila Beach and Port Angeles (P <
0.05, Tukey HSD test; Fig. 3C). In summer, kelp pruning
also differed between populations (F5, 180 5 8.16, P < 0.005,
one-way ANOVA), with less pruning at Avila Beach than at
all other sites (P < 0.05, Tukey HSD test; Fig. 3D).
Herbivorous epifauna
In general, herbivore prevalence (i.e., the percent of a kelp
population with signs of herbivory) changed with kelp morphology and site. In both seasons, amphipod presence, limpet
presence, and total herbivore presence were each positively
correlated with kelp size and pruning, except for limpet presence in summer, which was correlated only with kelp pruning
(P < 0.05 for signiﬁcance, logistic regressions; Fig. 4; Table 2). Kelp at the two southernmost populations, Avila Beach
and Bodega (separated by about 400 km), were less likely to
be colonized by amphipods and more likely to be colonized by
limpets than were kelp in the northern populations (Fig. 5A–
D), yet there was not a clear geographic pattern in total herbivory at the sites (P < 0.05 for signiﬁcance, Tukey HSD tests;
Fig. 5E, F).

Figure 3. Size (A, B) and pruning (C, D) of Egregia menziesii in spring
(A, C) and summer (B, D) at each of the sites. Sites are arranged from southernmost (at left) to northern-most (at right). Points are the means, and error bars
show 1 SE. Within each panel, the lowercase letters above the data indicate
populations with statistically similar morphologies (ANOVA with Tukey
honest signiﬁcant difference tests, P < 0.05 for signiﬁcance). Sample sizes in
spring were 41 (Avila Beach), 35 (Bodega), 30 (Trinidad), 52 (Fogarty Creek),
and 25 (Port Angeles). Sample sizes in summer were 27 (Avila Beach), 32 (Bodega Head), 28 (Trinidad), 44 (Fogarty Creek), 25 (Rialto Beach), and 30 (Port
Angeles).

Amphipods were more prevalent than limpets in northern
kelp populations, but the opposite was true in southern kelp
populations. Regardless of site-speciﬁc levels of amphipod
and limpet prevalence, the difference between amphipod prevalence and limpet prevalence increased linearly with latitude in
spring (y 5 9.17x 2 356.92, r2 5 0.92, P 5 0.007, linear regression) and summer (y 5 9.43x 2 386.36, r2 5 0.88, P <
0.005, linear regression) (Fig. 6).
Environmental variables
Mean Hs in spring was larger offshore of Avila Beach,
Trinidad, and Fogarty Creek than offshore of Bodega and
Port Angeles (Fig. 7A). In summer, mean Hs was largest offshore of Avila Beach and Trinidad and became progressively
smaller as latitude increased (Fig. 7B).
Mean Tw in spring was warmest at Avila Beach, intermediate at Bodega, Trinidad, and Fogarty Creek, and coldest at
Port Angeles (Fig. 7C). In summer, mean Tw was warmer
at Avila, Fogarty Creek, and Rialto Beach and cooler at Bodega, Trinidad, and Port Angeles (Fig. 7D).
Mean predicted heights of HT in spring were smallest at
Avila Beach and Bodega, intermediate at Trinidad and Port
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Figure 4. Presence of amphipods and limpets on Egregia menziesii kelp plotted as a function of the kelp’s
morphology. Data for amphipods are shown on the top row (A–D), data for limpets are shown on the middle
row (E–H), and data for both herbivores combined are shown on the bottom row (I–L). The two left columns show
herbivore presence as a function of size, and the two right columns show herbivore presence as a function of pruning. For each morphological feature, the left-most column shows data for spring, and the right-most column shows
data for summer. Within each panel, the line and shaded region show the regression model and 95% conﬁdence
interval, respectively, for a logistic regression between herbivore presence and kelp morphology. In all cases, except for limpets with kelp size in spring (E) and kelp pruning in summer (H), herbivore presence was positively
correlated with kelp morphology (P < 0.05 for signiﬁcance). Sample sizes were 183 (spring) and 186 (summer).

Angeles, and largest at Fogarty Creek (Fig. 7E). In summer,
mean HT was smallest at Avila Beach and Bodega, intermediate at Trinidad and Port Angeles, and largest at Fogarty
Creek and Rialto Beach (Fig. 7F).
Mean predicted heights of LT in spring were smaller at
Avila Beach, Bodega, Trinidad, and Fogarty Creek (0.30 ±
0.37 m, mean ± SD) than at Port Angeles (0.59 ± 0.55 m;

data not shown). In summer, mean LT was smallest at Fogarty
Creek and Rialto Beach (0.25 ± 0.49 m), intermediate at
Avila Beach and Trinidad (0.33 ± 0.39 m), and largest at Bodega and Port Angeles (0.52 ± 0.57 m; data not shown).
Mean tidal amplitude in spring was smallest at Avila Beach,
Bodega, and Port Angeles (1.12 ± 0.54 m), intermediate
at Trinidad (1.52 ± 0.42 m), and largest at Fogarty Creek
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Table 2
Results from Wald tests of logistic regression models testing whether herbivore presence on Egregia menziesii was correlated with size
(log10 transformed), pruning (square root transformed), and site
Amphipod presence, spring
Term
Intercept
Size
Pruning
Site

Amphipod presence, summer

X2

df

P

X2

df

P

22.6
13.7
6.3
53.8

1
1
1
4

<0.005
<0.005
0.012
<0.005

34.7
24.6
5.2
27.7

1
1
1
5

<0.005
<0.005
0.022
<0.005

Limpet presence, spring
Term
Intercept
Size
Pruning
Site

Limpet presence, summer

X2

df

P

X2

df

P

6.5
3.3
20.1
34.2

1
1
1
4

0.011
0.07
<0.005
<0.005

3.5
10.7
14.6
40.8

1
1
1
5

0.063
<0.005
<0.005
<0.005

Total herbivore presence, spring
Term
Intercept
Size
Pruning
Site

Total herbivore presence, summer

X2

df

P

X2

df

P

21.6
18.7
24.5
42.0

1
1
1
4

<0.005
<0.005
<0.005
<0.005

9.6
22.4
13.8
16.3

1
1
1
5

<0.005
<0.005
<0.005
0.006

In spring and summer, the presence of amphipods and limpets, and the combination of amphipods and limpets, were each positively correlated with kelp size and pruning, except for limpet presence in summer, which was correlated only with kelp pruning.

(1.98 ± 0.53 m). In summer, mean tide amplitude was smallest
at Avila Beach and Bodega (1.04 ± 0.34 m), intermediate at
Trinidad and Port Angeles (1.41 ± 0.71 m), and largest at
Fogarty Creek and Rialto Beach (1.96 ± 0.64 m).
Did kelp morphology and herbivory change with
environmental variables?
In addition to Hs and Tw, we used only mean HT to test for
correlations with kelp morphology and herbivore prevalence.
Averages of LT from each ﬁeld survey spanned a much narrower range (0.21–0.59 m) than averages of HT (1.34–
2.29 m), and tidal amplitude was largely explained by HT
(F1, 9 5 79.57, P < 0.005, r2 5 0.89, linear regression). We
used HT for further analyses because it showed more variation across all sites and seasons as compared to LT, and it
was a more direct quantiﬁcation of tidal regimes as compared
to tidal amplitude.
Kelp size was not correlated with mean HT (t 5 0.37, P 5
0.727), mean Tw (t 5 21.85, P 5 0.115), mean Hs (t 5
21.60, P 5 0.161), or season (t 5 0.74, P 5 0.486) in a
multiple regression model (F4, 6 5 4.56, P 5 0.050). Kelp
pruning was also not correlated with mean HT (t 5 1.11,
P 5 0.309), mean Tw (t 5 20.91, P 5 0.400), mean Hs

(t 5 21.07, P 5 0.325), or season (t 5 21.24, P 5 0.262)
in a multiple regression model (F4, 6 5 1.30, P 5 0.368).
Amphipod prevalence was positively correlated only with
mean HT (t 5 8.13, P < 0.005) and mean Tw (t 5 24.14, P 5
0.006) in a multiple regression model that also included
mean Hs (t 5 20.07, P 5 0.944) and season (t 5 1.32, P 5
0.234), although the whole model predicted 89% of the variation in amphipod prevalence (F4, 6 5 20.69, P < 0.005). A
linear regression where mean HT and mean Tw were the only
predictors explained 83% of the variation in amphipod prevalence (F2, 8 5 24.75, P < 0.005; Fig. 8A, B). Figure 8A shows
amphipod prevalence plotted as a function of mean HT (F1, 9 5
22.99, P < 0.005, r2 5 0.69), and Figure 8B shows that the
residuals of a regression between amphipod prevalence and
mean HT were well explained by Tw (F1, 9 5 8.10, P 5 0.019,
r2 5 0.42).
Limpet prevalence was negatively correlated with mean
HT (t 5 23.72, P 5 0.010), not correlated with mean Tw (t 5
1.85, P 5 0.114), positively correlated with mean Hs (t 5
5.94, P < 0.005), and increased from spring to summer
(t 5 6.54, P < 0.005) in a multiple regression model (F4, 6 5
21.78, P < 0.005, r2 5 0.89). Figure 8C shows limpet prevalence plotted as a function of mean Hs, with a different
y-intercept for spring data versus summer data (F2, 8 5 14.01,
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change in the total prevalence of limpets and amphipods combined (Fig. 5) or in the actual pruning of the kelp (Fig. 3). Our
data suggest that the geographic similarities in kelp morphology, which can be shaped by wounds from herbivores, are the
result of a similar level of herbivore prevalence at these sites,
despite a change in the type of herbivore inﬂicting the kelp’s
wounds. We hypothesize that local environmental variables
(e.g., waves, temperatures, tides) inﬂuence the presence and
activity of speciﬁc kelp-wounding herbivores across the range
of E. menziesii. We further hypothesize that while some geographic regions are less favorable than others for each herbivore type, there is always at least one herbivore type that is
well suited to wound and shape the morphology of E. menziesii
in each region.
Kelp morphology

Figure 5. Herbivore prevalence on Egregia menziesii across the study
sites. Prevalence of herbivory by amphipods (A, B), limpets (C, D), and both
herbivore types (i.e., herbivory by amphipods and/or limpets) (E, F) on E.
menziesii in spring (left column) and summer (right column), where prevalence is the percent of the kelp population colonized and damaged by each
herbivore type. In each panel, lowercase letters above the data indicate populations in which kelp have a statistically similar probability of being grazed
by the respective herbivore type (logistic regression with Tukey honest signiﬁcant difference tests, P < 0.05 for signiﬁcance). Letters are not comparable between panels. Sample sizes in spring were 41 (Avila Beach), 35 (Bodega), 30 (Trinidad), 52 (Fogarty Creek), and 25 (Port Angeles). Sample
sizes in summer were 27 (Avila Beach), 32 (Bodega Head), 28 (Trinidad),
44 (Fogarty Creek), 25 (Rialto Beach), and 30 (Port Angeles).

P < 0.005, r2 5 0.72), and Figure 8D shows that the residuals
of a regression between limpet prevalence, mean Hs, and season were well explained by mean HT (F1, 9 5 9.07, P 5 0.015,
r2 5 0.45).
Discussion
The extent to which a kelp provides ecosystem services is
related to its morphology and may be impacted by a series
of biological and environmental factors that vary across latitude. We found that the prevalence of limpets and amphipods
on Egregia menziesii, but not the kelp’s morphology, showed
gradual changes with latitude and strong associations with local wave action, water temperature, and tidal height. Although
limpets were the dominant kelp-wounding herbivore at southern sites and amphipods were the dominant kelp-wounding
herbivore at northern sites, there was not a clear geographic

The size (i.e., combined length of all fronds on a kelp) and
pruning (i.e., fraction of broken fronds on a kelp) of E.
menziesii showed a large amount of variation within a site
and some differences between sites, but there were no distinct geographic gradients in size or pruning across the sites
that we surveyed (Fig. 3). These results contrast with the existing literature, where other macroalgae exhibit geographic
differences in morphology that correspond to changes in environmental variables, such as temperature and/or water motion (Koehl et al., 2008; Reed et al., 2011; Beas-Luna and
Ladah, 2014; Coleman and Martone, 2020; Coppin et al.,
2020; Supratya et al., 2020). The ﬁne-scale morphology of
lateral blades and rachis texture on E. menziesii fronds are
known to change throughout the kelp’s range. These changes
in ﬁne-scale morphology are affected by local wave exposure
and also by nutrient concentrations in the water, which often
correspond with decreased water temperatures (Blanchette
et al., 2002; Henkel et al., 2007); yet there were no correlations
of the kelp’s broad-scale morphology with water temperature
and wave exposure.
The lack of correspondence between environmental variables and the morphology of E. menziesii could be the result
of several mechanisms. First, there may not have been an association between E. menziesii morphology and water temperature because the local water temperatures were all within
a range that leads to rapid growth rates of kelp and because
water temperature has been shown to have only a minor role
in inﬂuencing the morphology of some kelp species (Bolton
and Lüning, 1982; Coppin et al., 2020). Additionally, an association between E. menziesii morphology and wave action
may not have been present because the long, ﬂexible fronds
are exceptionally strong relative to the forces they experience
from waves (Friedland and Denny, 1995), and the fronds
are able to clump together in streamlined bundles and reduce
the hydrodynamic forces they experience (e.g., Koehl and
Alberte, 1988; Martone et al., 2012). Weaker fronds would
have resulted in increased pruning and reduced kelp size in
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Figure 6. The dominant herbivore type on Egregia menziesii changed with latitude. Percent of kelp colonized
and damaged by amphipods relative to the percent of kelp colonized and damaged by limpets in spring (A) and
summer (B), plotted as a function of the sites’ latitudes. Each symbol shows a separate site. Lines show results
of linear regressions: (A) r2 5 0.92, P 5 0.007; (B) r2 5 0.88, P < 0.005. Symbols above the dashed lines show sites
where amphipods were more prevalent than limpets, and symbols below the dashed line show sites where limpets
were more prevalent than amphipods.

proportion to the wave action at each site (e.g., Blanchette,
1997). Finally, an association between E. menziesii morphology and tidal regime (e.g., exposure to air at LT) may not have
been present, because the kelp is located within the low intertidal zone and can retain enough water at LT to prevent desiccation or thermal stress that impacts its growth rates (e.g.,
Bell, 1995). If the kelp were more susceptible to desiccation
and thermal stress and suffered reduced growth rates as a result,
decreased kelp size would be proportional to emersion time,
which can correspond to tidal amplitude (Finke et al., 2007;
but see Harley and Helmuth, 2003). While we expected kelp
morphology to be shaped by water motion, temperature, and
tidal regime, these site-speciﬁc differences were likely overwhelmed by signiﬁcant pruning of the kelp’s fronds (Fig. 3).
Pruning can erase population differences in E. menziesii
morphology because it removes a frond’s intercalary meristem
and surrounding tissue, where the majority of growth (i.e.,
elongation) occurs (Fulton-Bennett, 2021). For E. menziesii,
the most likely source of pruning is herbivory (Black, 1974,
1976). Without wounds introduced by herbivores, the rachises
of E. menziesii fronds are typically too strong to be broken by
hydrodynamic forces (Friedland and Denny, 1995). The amphipods and limpets surveyed in this study are the two most
common herbivores on E. menziesii that consume rachis tissue
and substantially weaken the fronds (Black, 1976; Burnett and
Koehl, 2018). In general, the surveyed kelp populations each
had a similar prevalence of one or both of these herbivore types
and similar levels of pruning (Fig. 3, 5), even though there was
a distinct latitudinal transition in the dominant herbivore type
at each site. The association between each site’s total herbivore

prevalence and average pruning agrees with analyses of individual kelp, showing that herbivores were more likely to colonize kelp that were heavily pruned rather than lightly pruned
(Fig. 4). We are unable to say whether the herbivores caused
the pruning or whether the herbivores only colonized kelp that
were already pruned. This pattern is further obfuscated by previous work showing that wounds from both herbivore types lead
to pruning and that each of these herbivore types can prefer to
settle on previously wounded kelp (Black, 1974, 1976; Pﬁster
and Betcher, 2018; Gutow et al., 2020), but it is plausible that
both are true for the E. menziesii populations that we studied.
Regardless of pruning, each herbivore type tended to colonize larger kelp rather than smaller kelp, which may have been
due to larger kelp being older and having more time than
smaller kelp to accumulate herbivores and/or because larger
kelp present a larger surface area for opportunistic colonization by herbivores (e.g., Teagle et al., 2017). Therefore, the
same general subset of each site’s kelp (i.e., the largest) were
colonized and wounded even though some sites were dominated by amphipods and others were dominated by limpets
(Fig. 6). We hypothesize that colonization, wounding, and
pruning of the largest kelp at each site effectively place an upper limit on kelp size. This prevents the development of significant differences in kelp size between sites. For instance, average kelp size generally increased from spring to summer
(all sites except at Port Angeles), but this seasonal growth
was not observed when kelp started out the spring season large
(i.e., with an average kelp size close to 10 m at Port Angeles).
In addition, average kelp size rarely exceeded 10 m in any season (Fig. 3). If the two herbivore types preferred to colonize
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with the tidal amplitude at each site. The correlation between
amphipod prevalence and HT likely exists because, compared
to kelp at sites with small HT, the kelp at sites with high HT
were covered by water for longer time periods during each
tide. Similarly, previous work found higher abundances of
amphipods at low shore levels (i.e., where they are covered
by water for long time periods) than at high shore levels
(i.e., where they are covered by water for short time periods)
(Schreider et al., 2003). Amphipod prevalence also increased
with water temperature, in contrast to previous work that
found negative or null effects of increased temperature on
amphipod survival, feeding, and reproduction (Poore et al.,
2013; Ledet et al., 2018). Amphipod prevalence did not
change with season, which is not necessarily surprising because the largest ﬂuctuations in amphipod populations on
macroalgae along the California coast can occur between autumn and winter, while smaller changes can occur between
spring and summer (Gunnill, 1984). Amphipod prevalence
also did not change with wave exposure, which is surprising
because amphipods can be dislodged by wave action and exposed to increased predation risk while in the water column

Figure 7. Environmental variables varied between sites where Egregia
menziesii was surveyed. Signiﬁcant wave heights offshore of each site in
spring (A) and summer (B), for the 30 days before each survey and shown
on a logarithmic scale. Water temperatures offshore of each site in spring (C)
and summer (D), for the 30 days before each survey. Predicted high tide levels
at each site in spring (E) and summer (F), for the 30 days before each survey.
Points show the mean, and dashed lines show the ﬁrst and third quartiles.
MLLW, mean low low water.

and wound kelp with different morphologies, we would have
expected to see a large geographic gradient in kelp size and
pruning that corresponded to the observed gradient in dominant herbivore type (Fig. 6). However, pruning can negatively
impact the growth rates and survivorship of E. menziesii (Burnett and Koehl, 2020), so if there were an herbivore type that
preferentially colonized and wounded small kelp, which are
also likely to be young kelp, the number and overall size of
old and mature kelp in the population would be reduced (Bennett et al., 2015). While the pattern of herbivory that we observed at our study sites (i.e., both herbivore types colonizing
large kelp) may limit the total size of E. menziesii, it still allows for the kelp to grow large and live multiple years (Burnett
and Koehl, 2020); and it also results in both herbivore types
placing a similar wounding pressure on the kelp that may be
responsible for the similar levels of pruning observed across
all sites.
Herbivorous epifauna
Amphipods and limpets each showed a unique association
with water temperature, wave action, and tidal regime across
the study sites (Fig. 8). Amphipods were most prevalent at
sites with the highest HT levels, which strongly correlated

Figure 8. Correlations between herbivore prevalence and environmental variables. Tidal regime, water temperature, wave action, and season explained much of the variation in amphipod prevalence (r2 5 0.89) and limpet prevalence (r2 5 0.89) on Egregia menziesii at each site. (A) Amphipod
prevalence plotted as a function of the mean predicted high tide level at each
site. (B) Residuals from the linear regression of amphipod prevalence with
mean predicted high tide level, plotted as a function of the mean water temperature. (C) Limpet prevalence plotted as a function of the mean signiﬁcant
wave height offshore of each site, with separate regression lines for each season. (D) Residuals from the linear regression of limpet prevalence, with mean
signiﬁcant wave height and season, plotted as a function of the mean tidal
height of high tide at each site. In each plot, black symbols show data from
spring, and white symbols show data from summer. Each point shows the mean
for the 30 days before each survey. MLLW, mean low low water.
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around the kelp (Gabel et al., 2011). Our results for the association between amphipod prevalence and temperature, wave
exposure, and season may disagree with the literature because
we considered gammarid amphipods as a whole rather than
identifying speciﬁc genera or species; and some sites may have
had different amphipod species, each with their own responses
to the environmental variables. Future studies of amphipodkelp interactions across large geographic areas should consider
species- or genus-speciﬁc responses of the herbivores to the
local environment.
In contrast to amphipods, limpet prevalence on E. menziesii
decreased with increasing HT. Because submersion time during each tidal cycle can increase with HT, limpets at sites with
large HT may be susceptible to increased predation by ﬁsh,
which decreases their abundance (Haggerty et al., 2018).
Limpet prevalence increased with increasing wave action,
possibly due to the splash from breaking waves keeping the
limpets wetted during exposure to air at LT and preventing
desiccation and thermal stress (Harley and Helmuth, 2003).
Alternatively, the association of limpet prevalence with HT
and wave action may be an artifact of the strong latitudinal
pattern in HT and wave action, along with the previously observed decrease in abundance of Discurria insessa north of
the California-Oregon border (Kuo and Sanford, 2015). Water
temperature was not correlated with limpet prevalence, possibly because the water temperatures offshore of each site
were not physiologically stressful (e.g., Bjelde and Todgham,
2013) and because the combination of wave splash and the
complex, water-retaining morphology of E. menziesii prevented the limpets from experiencing stressful body temperatures during LT (Bell, 1995; Harley and Helmuth, 2003; Miller et al., 2009). The prevalence of limpets increased from
spring to summer, but this is to be expected because D. insessa
and close relatives have a single spawning event in the winter
or early spring and remain in the plankton for only a few days
before recruiting to the shoreline (Daly, 1975; Kay and Emlet,
2002; Kuo and Sanford, 2015). Juveniles of D. insessa usually
live on the homescars of older individuals before making their
own wounds and homescars on the kelp (Black, 1976). Our
surveys in spring may not have detected juvenile limpets because the juveniles had not moved from their initial recruitment location and wounded new parts or new individuals
of the kelp and because of their small size (<10 mm shell
length; Kuo and Sanford, 2015). Thus, the increased prevalence of limpets in the summer is likely due to the springtime
recruits of D. insessa and its close relatives, or the wounding
caused by those new recruits, becoming noticeable over time.
Like the results with amphipods, the patterns we observed
with limpets may have been inﬂuenced by considering limpets
as a whole, rather than identifying individual species (e.g., D.
insessa can often be mistaken for several other species) (Kuo
and Sanford, 2015). However, relatively few species of limpet
(compared to species of amphipods) are known to graze E.
menziesii, so identifying limpets to species during future stud-
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ies on this system may still yield the same results as our current, broad approach.
Herbivory shapes the morphology and ecosystem
services of kelp
Kelp provide food and habitat to a diversity of organisms in
marine ecosystems, and they can also shape the surrounding community by destructively scouring the substratum or
shading potential algal competitors (Reed and Foster, 1984;
Santelices and Ojeda, 1984; Kennelly, 1989; Hughes, 2010).
The magnitude of these ecosystem services is linked to the
kelp’s morphology, and kelp morphology is dependent on both
the environmental conditions that affect kelp growth and the
destructive herbivory that causes tissue loss and facilitates
breakage of the kelp (see Introduction). We found evidence
that pruning, facilitated by herbivores, is similar throughout
the northern range of E. menziesii, likely because of the continuous presence of amphipods and limpets across the studied kelp
populations, and that pruning may limit kelp size in each population (Fig. 3). Therefore, we expect that the amount of ecosystem services provided by E. menziesii is greatly inﬂuenced
by the damaging effects of herbivory from amphipods and
limpets. For instance, if the amount of habitat provided by
the kelp is proportional to their size, we hypothesize that the
removal of destructive herbivores would increase kelp size
and habitat for other non-destructive epibiota. In addition, if
the magnitude of destructive scouring caused by the kelp’s
fronds is proportional to kelp size, we hypothesize that the removal of destructive herbivores would increase the local scouring effect caused by E. menziesii. Lastly, if the absence of herbivore wounds allows E. menziesii to continuously increase in
size, we expect that at some point the kelp would get pruned
by an alternative source of damage (e.g., abrasions against
rocks) or the kelp would grow large enough that it would be
dislodged from the substratum by hydrodynamic forces (de
Bettignies et al., 2012; but see Burnett and Koehl, 2020).
Pruning caused by herbivores may actually enhance the
provision of food by E. menziesii because the broken fragments
or particulates of fronds are carried away by water motion
and eventually settle out of the water column, exporting nutrients to distant locations (Krumhansl and Scheibling, 2011).
Broken kelp tissues and other detritus can form a substantial
part of the diet for suspension feeders, such as bivalve molluscs, and more voracious grazers, such as urchins (Duggins
and Eckman, 1997; Filbee-Dexter and Scheibling, 2012). Decreased pruning of E. menziesii could potentially have a negative effect on benthic grazers that rely on the kelp’s broken
tissues for food, whereas increased herbivory and pruning of
E. menziesii could beneﬁt benthic grazers that consume the kelp
detritus, but only if the pruning were sustainable yet sublethal
to the kelp (Filbee-Dexter and Scheibling, 2014).
Pruning and other sublethal herbivory can have varying
effects on kelp, ranging from facilitation of kelp growth and
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trophic transfer of nutrients to mesograzers via microbes to
reduced growth (Eggert, 2010; McMillian, 2010; Poore et al.,
2014). Surface wounds attract epiphytes and fungal and bacterial infections that, if they were to remain unchecked by surfacegrazing herbivores, could lead to the loss of fronds and result
in pruning (Foster and Schiel, 1985). For example, intermediate abundances of the mesograzer Tegula brunnea on the giant
kelp, Macrocystis pyrifera, caused increased frond elongation
and a greater fungal biomass, as compared to M. pyrifera without mesograzers, which was presumably a result of the grazers
consuming the fungi that incidentally included senescent kelp
tissue (McMillan, 2010). In contrast to gastropod surface grazers, sublethal impacts of nest-building amphipods can alter
morphology of fast-growing algal blades and reduce blade
growth even at low amphipod densities (Poore et al., 2018).
The effects of sublethal grazing by mesograzers can also vary,
depending on a kelp species’ ability to compensate for damage. Isopods removing less than 0.5% of biomass per day can
result in considerable blade growth reductions (80%) for understory kelp (Laminaria spicata), while the canopy-forming kelp
M. pyrifera is largely unaffected (Poore et al., 2014).
The E. menziesii populations surveyed in our study were
wounded by two major herbivore types, but other prevalent
herbivores may exist outside of the surveyed range. For instance, the sea urchin Strongylocentrotus purpuratus and the
limpet Discurria insessa are major herbivores of intertidal E.
menziesii south of Point Conception (Black, 1976; Sousa et al.,
1981). If we had extended our surveys and analyses to include
kelp populations near Santa Barbara and Los Angeles with herbivore types of amphipods, limpets, and urchins, we expect
that we would have seen a second latitudinal shift in the dominant herbivore type (e.g., Fig. 6) south of Avila Beach, where
urchins became the dominant herbivores or, alternatively, where
urchins and limpets were similarly prevalent but were still dominant relative to amphipods. Conversely, if urchins inﬂicted
serious enough wounds that caused the majority of the kelp
thallus to break (i.e., a wound near the holdfast), we expect
that an increase in urchins would cause much more pruning
and larger decreases in kelp size relative to the wounding effects from limpets and amphipods (Sousa et al., 1981; FilbeeDexter and Scheibling, 2014).
The patterns that we observed in herbivore prevalence
showed some correlations with environmental variables that
are predicted to change in the future. Based on our ﬁndings,
long-term increases in average water temperature or increases
in the frequency of marine heatwaves could lead to increases
in the prevalence of amphipods in E. menziesii populations,
which could cause excessive pruning of the kelp (e.g., Sanford
et al., 2019; Filbee-Dexter et al., 2020). In addition, warmer
temperatures could alter the way that kelp respond to herbivore
wounds, including an increased susceptibility to microbial
infections, that could ultimately lead to mortality rather than
just frond breakage (Eggert et al., 2010; Qiu et al., 2019).
Long-term increases in wave action or increases in the fre-

quency of storms that produce large waves could lead to increases in the prevalence of limpets in E. menziesii populations, although these changes would likely be slow since the
species that live on E. menziesii have only a single spawning
event per year (Daly, 1975; Cai et al., 2014; Castelle et al.,
2018). These predictions are based on statistical correlations
that covary with geography, so our ability to accurately predict
herbivore prevalence under different environmental conditions is limited.
Conclusions
Pruning of E. menziesii is associated with damage from select groups of herbivores, and there is a consistent link between herbivores and pruning over a wide portion of the
kelp’s range and across multiple seasons. Speciﬁc herbivores
living on and wounding E. menziesii show a gradual shift in
dominance from limpet-dominated kelp populations in the
south to amphipod-dominated kelp populations in the north.
We detected unique statistical correlations between the prevalence of each herbivore type and local environmental variables (i.e., water temperature, wave action, tidal regime), suggesting that the two herbivores and, consequently, the kelp
morphology at each site, may be differentially affected by
long-term changes in the environment. In total, kelp morphology can be shaped by the various herbivores living on and
consuming the kelp’s tissues; but the speciﬁc herbivores, or
even types of herbivores, can change rapidly across the lifetime of an individual kelp and across the geographic distribution of the whole kelp species. Therefore, studies of kelp morphology and ecosystem services, and especially the fate of
kelp with climate change, should consider the role of local herbivores in shaping the kelp’s morphology.
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Appendix
Table A1
Buoys used for measurements of signiﬁcant wave height and water temperature (https://www.ndbc.noaa.gov/)
Buoy ID
Station 46011
Station 46013
Station 46244
Station 46229
Station 46041
Station 46087

Buoy location
Santa Maria—21NM NW of Point Arguello, CA
Bodega Bay—48NM NW of San Francisco, CA
Humboldt Bay—North Spit, CA
Umpqua Offshore, Oregon
Cape Elizabeth—45NM NW of Aberdeen, WA
Neah Bay—6 NM North of Cape Flattery, WA

Coordinates
347570 2200
387150 1200
407530 4600
437460 1800
477210 1000
487290 3500

N,
N,
N,
N,
N,
N,

121710 700 W
1237180 1200 W
1247210 2500 W
1247320 5800 W
1247440 3000 W
1247430 3500 W

Table A2
Stations used for predicted tidal heights (https://tidesandcurrents.noaa.gov/)
Station ID
Station 9412110
Station 9415625
Station 9419059
Station 9435827
Station 9442388
Station 9443826

Station location

Coordinates

Port San Luis, CA
Bodega Harbor Entrance, CA
Trinidad Harbor, CA
Depoe Bay, OR
James Island, WA
Crescent Bay, WA

357100 600 N, 1207450 1200 W
387180 3000 N, 123730 1800 W
41730 2400 N, 124780 4800 W
44748’3600 N, 124730 3000 W
477540 2400 N, 1247380 4800 W
48790 4200 N, 1237430 3000 W

